1. Quadruplicate groups of rainbow trout (Sulmo gairdneri) (mean body-weight 24.9 g) were reared on six dietary treatments (practical-type diets) in a modified paired-feeding experiment for 12 weeks at 15" to determine the net energy (NE) value of starch and glucose to rainbow trout.
The natural diet of a carnivorous fish such as the rainbow trout (Salmo gairdneri) contains little carbohydrate and therefore the ability of the trout to utilize this source of dietary energy may be limited. Nevertheless, when formulating commercial diets, it has been deemed necessary, and desirable as a cost-effective measure, to have a significant amount of carbohydrate in the diet. However, there is considerable controversy regarding the optimum level of digestible carbohydrates in a salmonid diet. Research in our laboratory has indicated that digestible carbohydrates in excess of 140 g/kg diet cannot be efficiently utilized by salmonids, which is consistent with the results of Phillips et al. (1948) . However, this conclusion is in contrast to the conclusions of Buhler & Halver (1961) , Luquet (1971) and Bergot (1979) who suggest that levels of 200 g/kg diet or higher are effectively utilized.
There is also some debate as to the energy value assigned to carbohydrates in a fish diet (Jobling, 1983) . For salmonids the digestibility of different types of carbohydrates varies with complexity of carbohydrate structure (Singh & Nose, 1967; Phillips, 1969; Smith, 1971) , concentrations in the diet (Takeuchi et al. 1979; Bergot & Breque, 1983; Spannhof & Plantikow, 1983) , source and diet processing , and the species of fish (Jobling, 1983) . Furthermore, test diets with approximately the same digestible energy (DE) content and level of protein, but with varying amounts of glucose or fat, do not always produce the same growth results and carcass composition in trout Beamish et al. 1986 ). Therefore, the use of DE values as they pertain to carbohydrates may overestimate the utilizable or productive energy content of the diet. Similarly, the use of calculated metabolizable energy (ME) values of different J . W. HILTON, J . L . ATKINSON A N D S . J . S L I N G E R carbohydrates is fraught with errors and assumptions which makes their use very unreliable (Jobling, 1983) . Furthermore, the procedures used in determining actual ME values for feedstuffs or diets (force-feeding, restraint, etc.) may result in stress and negative nitrogen balance which reduces the usefulness of this measurement . In addition, the use of fish metabolism chambers to determine ME values of feedstuffs can only be applied to large fish (165-530 g, Smith, 1971) . Nevertheless, there is a need to determine the productive energy value of different types of carbohydrates in commercial trout diets.
In the past, poultry nutritionists have used productive energy measurements as an estimate of the net energy (NE) in order to describe the utilizable energy in feedstuffs ((US) National Research Council, 1981) . Fraps & Carlyle (1942) defined productive energy as the energy stored as fat and protein from the portion of the ration eaten which exceeds the quantity used for maintenance purposes. Presumably, the amount of energy stored as glycogen is not considered to be a significant store by this definition, and in any case would also be measured by bomb calorimetry of the final carcass. Therefore, it should be possible to estimate the NE value of carbohydrates by measuring the extra energy retained by fish consuming diets which have the same nutrient composition with the exception of the carbohydrate content.
The purpose of the present study was to estimate the NE value of glucose (cerelose) and raw maize starch in a trout diet when included at a level of 250 g/kg diet.
METHODS

Experimental design
A modified paired-feeding experiment involving six dietary treatments was conducted using quadruplicate groups of rainbow trout reared at 15" in a completely randomized design. Three test diets formulated to contain (g/kg) : 0 supplemented carbohydrate (diet I), 250 raw maize starch (diet 2) and 250 glucose (cerelose, diet 3), were given ad lib. to the trout with the feed intake of trout reared on the starch (diet 2) and glucose (diet 3) diets being monitored after each feeding. The remaining three dietary treatments involved controlled feeding of trout at levels derived from the ad Zib. intakes. Thus, diet 1 was also given to trout at 75 % of the feed intake of those reared on either diet 2 (starch, diet 1 A) or diet 3 (glucose, diet 1 B) thereby giving the trout similar amounts of protein and lipid as fish fed on diets 2 and 3, but without additional carbohydrate. In addition, diet 2 (starch) was also given to trout at the same feed intake as those reared on diet 3 (glucose, diet 2A). After 12 weeks on the test diets the growth variables, liver : body-weight, liver glycogen content, carcass composition and NE value of the starch and glucose were determined.
Diet formulation, processing and analysis
Three test diets were formulated as described in Table 1 and processed by steam pelleting on a laboratory pellet mill. After processing, the test diets were analysed for ash, energy, moisture and protein content as described by Honvitz (1980) , lipid content as described by Bligh & Dyer (1959) , glucose content as described by and starch content as described by Clegg (1956) .
Supply and maintenance of fish
Rainbow trout were obtained from a commercial fish farmer and adjusted to laboratory conditions for approximately 10 weeks. After the adjustment period, 720 fish were transferred to a twenty-four tank aquatic system. The aquaria were circular enamel-lined metal tanks (capacity 65 litres), individually aerated and thermostatically maintained at 15.3 5 04" on a biological filtration system with 5-20 % daily replacement water. The pH varied between 7.6 and 7.8, dissolved oxygen between 6.2 and 8.1 mg/l and total ammonia (Nessler's reagent) between 0.01 and 1.10 mg/l throughout the study. The initial weight of the fish was 2.9 g and the fish were fed three to four times per d either to satiety, as described by , or to the previously described modified paired-feeding rate. Before the start of the growth study, two fish were removed from each tank, anaesthetized with tricaine methane sulphonate (MS 222), killed, ground, freeze-dried and stored at -20" until required for analysis.
DE determination
A digestibility study was conducted as described by in which triplicate groups of thirty fish/tank (mean body-weight 65 g) were reared on the test diets. Faeces were collected by the gravity faeces collection technique as described by Cho et al. (1982) , freeze-dried, ground and stored in a cooler at -50" until required for analysis. The acid-insoluble ash contents for the test diets and faeces were determined as described by Atkinson et al. (1984) and the moisture and energy contents of the diet and faeces determined by bomb calorimetry as described by Horwitz (1980) .
Growth and biochemical analysis
The trout were weighed after every 4-week period and recounted and weighed at the end of 12 weeks. Mortalities and feed consumption were noted daily and feed:gain ratios determined at the end of each period. At the end of 12 weeks and 18 h after the last feeding, four fish were sampled at random from each tank of diets 1, 2 and 3 and immediately anaesthetized with MS 222. The fish were then individually weighed, livers removed and weighed and the livers then frozen in liquid N, and stored at -20" until required for analysis. The glycogen content of the liver was determined as described by Murat & Serfaty (1974) . A further four fish that were fasted for 24 h were then sampled at random from each tank, anaesthetized with MS 222, killed by severing the spinal cord behind the head, ground and reground with a meat grinder, frozen, freeze-dried and reground in a Waring blender and stored at -20" until required for analysis. The initial and final fish carcasses were analysed for ash, moisture, protein and energy content as described by Horwitz (1980) , and lipid content as described by Bligh & Dyer (1959) .
Calculation of NE
On the basis of final body-weight (Table 2) , carcass composition and energy content (Table  3) , the total carcass energy of the fish on the different dietary treatments was determined. The difference in total carcass energy of the trout reared on the starch or glucose diets (diets 2 and 3) and the total carcass energy of the fish in the respective modified pair-fed groups reared on the control diet (diet 1) is that supplied by the glucose or starch supplement. The amount of starch and glucose energy consumed by the fish was determined by multiplying the measured feed consumption per fish (mean of four replicates) by the starch and glucose contents of test diets 2 (starch) and 3 (glucose, Table 1 ) as appropriate. The assigned energy value of glucose was 15.9 kJ/g and the starch 17.2 kJ/g. The NE of glucose or starch was then calculated as described in Table 4 .
Statistical analysis
The results were subjected to analysis of variance and, where applicable, differences determined at P < 0.05 using Tukey's Honestly Significant Difference Procedures as outlined by Steel & Torrie (1980) . J . W . HILTON, J . L. ATKINSON A N D S . J . SLINGER 
_____
Values in horizontal rows with unlike superscript letters were significantly different: P < 0.05.
t As described in .
1 Values are the means of three samples per diet expressed on a dry matter basis. 3 Based on (kJ/g) 16.3 protein, 33.4 lipid, 6.7 starch, 15.7 glucose.
R E S U L T S
Digestibility study
The digestibility study indicated that all three diets had significantly different DE values (Table 1) with diet 1 having the highest DE (19.8 kJ/g) and diet 2 the lowest DE (18.1 kJ/g). However, it should be noted that the determined DE value of the starch diet (diet 2) was higher than would be predicted on the basis of the theoretical digestibility of starch in this fish (163 kJ/g). The faeces in the present study were collected by the gravity faeces collection system and therefore the faeces could potentially be in contact with water for up to 18 h. As noted by Windell et al. (1978) this can significantly increase the leaching losses from the faeces, particularly if the faeces contain large amounts of partially digested carbohydrates (Spannhof & Plantikow, 1983) as in diet 2. Therefore, the determined DE value of the starch diet (diet 2) in the present study may not be an accurate assessment.
Growth and biochemical analysis
The final feed intakes of the modified pair-fed groups, diets 1 A and 1 B, were 75.4 and 744 YO respectively of the feed intake of trout fed on diets 2 and 3. After 12 weeks on the test diets, the trout reared ad lib. on the control (diet 1) and starch (diet 2) diets had a significantly higher final body-weight than trout reared on the glucose diet (diet 3, Table  2 ). Trout reared on the modified pair-fed control diet (diets 1 A and I B) had a significantly lower final body-weight than trout reared on the corresponding starch or glucose diets. However, trout reared on the starch-based diet fed at the same rate as that of the glucosefed trout (diet 3) had essentially the same final body-weight ( Table 2) . There was no significant difference in the feed : gain ratios of the trout reared on any of the control diets (diets 1, 1 A and 1 B) and these were significantly lower than the feed : gain ratios of trout diets 2, 3 and 2A) . Trout reared on the starch diet (diet 2) had a significantly higher feed :gain ratio than trout reared on the glucose diet (diet 3). Trout reared on the starch diet pair-fed to the feeding rate of trout fed on the glucose diet had a feed: gain ratio intermediate to that of the ad lib. starch-or glucose-fed fish (diet 2A, Table 2 ). Mortalities were uniformly low (< 2%) and were not apparently related to either dietary treatment or feeding regimen.
Final carcass analysis indicated that the fish fed on the various test diets had essentially the same carcass composition and energy content with the exception that trout reared on the starch diet (diet 2) had a significantly lower final carcass energy than trout reared on diet 1 (Table 3) . Trout reared on the glucose diet (diet 3) had a significantly higher liver weight : body-weight ratio and liver glycogen content than trout reared on either the control or starch diets ( Table 3 ). In addition, trout reared on the starch diet (diet 2) had a significantly higher liver glycogen content than trout reared on the control diet (diet 1).
NE of starch and glucose
The calculations used to determine the NE for starch and glucose are outlined in Table 4 . Based on the assumption that the gross energy of glucose was 16.2 kJ/g and starch 17.2 kJ/g, the calculated NE for glucose was 3-99 kJ/g glucose and for starch 217 kJ/g starch.
DISCUSSION
The results of the present study indicate that the NE of glucose and raw maize starch in a practical-type diet provided 3.99 and 2.17 kJ/g respectively to rainbow trout when included at 250 g/kg diet. The NE values were approximately 25 of the glucose and 13 Yo of the starch gross energy values for these compounds in trout (Table 5 ). This partially explains why the present and previous studies in this laboratory have indicated that the determined DE or calculated ME levels of test diets, as indicated in Table 1 , containing significant levels of carbohydrates overestimates the productive energy value of those diets Beamish et al. 1986 ). Why the absorbed glucose from cerelose or raw maize starch does not supply the expected source of energy cannot be determined from the present study. However, oral glucose tolerance in the trout is poor and this indicates a poor or impaired metabolic utilization of the absorbed glucose by the trout (Palmer & Ryman, 1972; Hilton, 1982) .
Although the determined NE value of glucose was higher than that of starch, the final body-weight of trout given the starch diet ad lib. was significantly higher than that of trout fed on the glucose diet ad lib. In contrast, trout fed on the control or starch diets grew equally well (Table 2) . To maintain this growth rate, the fish on the starch diet ate approximately 1000 g feed/tank more than the control group. Since the digestibility of raw maize starch would be no more than 40% (Phillips, 1969; Smith, 1971) , the remainder of the undigested starch could act as a bulk factor, increasing the feed intake of the trout as they sought to achieve an appropriate level of nutrient intake. Previous studies in our laboratory have indicated that increasing the undigestible bulk or fibre content of diets increases feed consumption by trout . Similarly, Kaushik & de Oliva Teles (1985) showed that trout fed on diets containing either gelatinized or natural starch were able to grow equally well as the result of increased feed intake in those fish fed on the less digestible natural starch diet. The poorer growth of trout fed on the glucose diet compared with both the control and starch-based diets in the present study ( Table 2) implies that this compensatory intake response is not always operative. If it were, fish fed on the glucose-containing diet should have grown as well as the starch-fed fish, while consuming less diet. Although they did eat approximately 1400 g feed/tank less, this was also over 460 g/tank less than the control fish consumed ( Table 2 ) and this reduced intake contributed to depressed growth rate. A reduced feeding response in consecutive daily feedings of trout reared on diets high in available carbohydrate has been observed consistently in both the present and previous studies conducted in our laboratory . It has been suggested that the poor glucose tolerance and prolonged hyperglycaemia induced by such diets may affect some sort of glucostatic receptors in the trout, thus reducing appetite or feeding response. Interestingly, recent work with channel catfish has indicated that a diet containing glucose as the carbohydrate source leads to growth depression when compared with a starch-based diet (Wilson & Poe, 1987) . It is obvious that we require a greater understanding of the physiological role of dietary glucose in fish.
On the basis of the results of the present study, the utilization of the DE or calculated ME values of carbohydrates as a basis for determining or calculating the utilizable energy content of a trout diet should be discontinued. However, caution should be used in applying the NE values of the glucose and starch determined in the present study. Productive energy values in poultry are not always additive (Davidson et al. 1957; Hill & Andersen, 1958) . Furthermore, the utilization of glucose as an energy source in trout appears to depend on a number of factors such as the alternative energy sources in the diet and the protein content of the diet (Bergot, 1979) . For example, there was no significant difference in the final body-weight or carcass composition of trout reared on diet 3 (glucose) and diet 2A, the pair-fed starch group (Table 2) . The calculated NE value of the starch using the results of the pair-fed group, diet 2A, was 3-85 kJ/g starch, which is much higher than that determined for starch in the ad lib.-fed group (diet 2, 2.17 kJ/g starch, Table 4 ). Therefore, the feeding rate of the fish must affect the NE value or the utilizable energy derived from dietary carbohydrates. In addition, since the level of complex carbohydrates in a diet, the type or amount of diet, and the processing of carbohydrate may affect carbohydrate digestibility (Takeuchi et al. 1979; Spannhof & Plantikow, 1983) , these factors would also affect the NE value of the carbohydrate. Therefore, it is probable that no fixed or universally applicable NE value can be assigned to glucose or starch in the trout diet. However, further studies on the effect of dietary energy and protein content and the level of different types of carbohydrates in the trout diet are required in order to produce a range of values for the NE of specific carbohydrates in the trout.
